The pathophysiology of sodium and water retention in the thick ascending limb of Henle.
handling in this condition. Recent advances in molecular in collecting duct has been identified in rats with congestive biology identified the kidney-specific cell surface proheart failure (CHF) as a cause for enhanced sodium and water teins involved in the regulation of renal sodium [1] and retention in this condition. However, the mechanism of impaired urinary sodium excretion observed even in rats with water [2] reabsorption. We have previously investigated mild cardiac dysfunction remains unknown.
the expressional regulation of the rat bumetanide-sensiMethods. Male Sprague-Dawley rats with myocardial intive sodium cotransporter (rBSC1) using rats with CHF farctions measuring 15 to 30% of the left ventricular circumferinduced by large myocardial infarction [3] . rBSC1 is a ence with no overt CHF were prepared. We measured the kidney-specific cell surface protein expressed in the apiamount of rBSC1 or AQP2 mRNA using competitive polymercal side of the thick ascending limb of Henle (TAL) and ase chain reaction (PCR) by inducing a point mutation at the accumulates sodium in the medullary interstitium [4, 5] . Our results demonstrated increased expression of both results were confirmed by in situ hybridization. rBSC1 protein mRNA and protein of rBSC1 in the entire TAL of the expression was examined by immunohistochemistry and West-CHF rat, suggesting that sodium transport, and probably ern blot analysis using a specific antibody against rBSC1. related osmotic water transport, are enhanced in CHF.
Results. Although plasma renin activity was slightly elevated
This finding also explains the therapeutic effects of loop in rats with myocardial infarction (MI), no significant differdiuretics in patients with CHF, which directly inhibit ences in lung weight or plasma concentrations for aldosterone and atrial natriuretic peptide were observed between control sodium transporters in TAL.
rats and MI rats. Competitive PCR showed a significant inRecent studies on the kidney specific water channel crease in rBSC1 mRNA in the renal outer medulla and cortex (aquaporin-2, AQP2) expressed in the apical membrane of MI rats, which was confirmed by in situ hybridization. Howof collecting ducts (CD) have demonstrated that this ever, the AQP2 mRNA of these rats remained unchanged channel was up-regulated in CHF, and was associated throughout the kidney. Renin-angiotensin II blockade by oral with increased plasma arginine vasopressin (AVP) [6, 7] . captopril administration did not influence the alteration in In this condition of CHF, AVP mediates the rapid redisrBSC1 mRNA induced by myocardial infarction. Immunohistochemistry and Western blots showed the enhanced exprestribution of AQP2 in apical membrane of CD [6] , causing sion of rBSC1 protein in TAL of rats with small to moderate water reabsorption, and increased AQP2 synthesis by cardiac infarcts.
long-term AVP stimulation [7] may enhance water perConclusions. rBSC1 is up-regulated even in rats with small meability by increasing the number of apical water chanto moderate myocardial infarctions, which may enhance the nels. These findings also indicate that CHF mediates body sodium transport in the TAL in this pathophysiologic condition.
fluid accumulation through altered renal mechanisms.
Ligation of coronary artery in the rat yields a wide range of infarct sizes and a corresponding range of left [8] . They described disturbances of adequate renal sodium excretion in animals with near normal ventricular function. This impairment of renal sodium handling has and immunohistochemistry. The heart and both lungs were harvested and weighed, and the heart was fixed been well studied in patients with heart diseases [10, 11] . Braunwald et al [10] found a lack of correlation between with 10% formalin for examination of the infarct size.
To evaluate the degree of pulmonary congestion, the impaired renal sodium excretion and the type of heart disease or hemodynamic variables, such as mean atrial lung/body weight ratios (L/BW, mg/g) of both lungs were calculated in each animal. The operation for myocardial pressure, ventricular pressure, and pulmonary artery systolic pressure.
infarction was performed in more animals until we finally obtained eight rats with a small myocardial infarct meaIn the present study, we assessed the dysregulation of renal sodium excretion through the regulation of sodium suring 15 to 30% of the left ventricular circumference (Fig. 1) . The infarct size was determined as follows: the transporter in TAL in rats with small to moderate cardiac infarcts. In addition, we constructed cDNA competitor left ventricle was fixed by immersion in 10% buffered formalin and 1 to 2 mm-thick sliced sections from apex for the analysis of AQP2 transcripts using polymerase chain reaction (PCR) and studied the alterations in to base were embedded in paraffin. Every tenth section was stained with Masson's trichrome and mounted. AQP2 messages together with rBSC1 transcripts using the same RNA samples of kidneys of rats with myocarThese histological sections were projected onto a screen, and the fraction of the infarcted left ventricular circumdial infarctions. Our results demonstrated major differences in the expressional regulation of transcripts for ference was expressed as the sum of all infarct dimensions divided by the sum of the circumferences of each rBSC1 and AQP2 between rats with CHF and those with small to moderate myocardial infarctions.
surface.
As a positive control in a competitive analysis of the AQP2 transcripts, eight age-matched (11 to 12 weeks old) METHODS rats were restricted of water for 24 hours and total RNA The experimental protocol was approved by the Ethics was extracted from harvested kidneys as mentioned Review Committee for Animal Experimentation of Toabove. hoku University School of Medicine. Myocardial infarcTo obtain the materials for Western blot analysis and tion was induced in male Sprague-Dawley rats weighing to assess the influence of renin-angiotensin system on approximately 200 g by a modification of the method the expression of rBSC1, an additional 15 rats were indescribed by Pfeffer et al [9] . Briefly, each rat was deeply cluded in the study. Ten underwent the ligation of coroanesthetized with ether, intubated, and artificially ventinary artery, and the other five were sham-operated. lated using a rodent ventilator. After a left thoracotomy, Three weeks after the operation, five rats with myocarthe heart was rapidly exteriorized, and the left coronary dial infarction (MI) were fed water containing captopril artery was ligated between the outflow tract of the pul-(25 mg/kg/day), whereas the other rats continued taking monary artery and the left atrium with a 6-0 prolene normal water. One week later, the left kidney was harsuture. The heart was then returned to its original posivested for total RNA extraction and the right kidney for tion, the lungs reinflated with positive end-expiratory Western blot analysis. pressure, and the thorax was closed by 2-0 silk sutures.
In addition, five rats underwent an operation for coroThe mortality rate using this method was 10 to 30% nary artery ligation and were decapitated for immediate during the first postoperative day. In sham-operated aniblood sampling the next day. Their blood samples were mals, the heart was exteriorized but the coronary artery used for the measurement of plasma renin activity and was not sutured. Surviving rats were provided with stanplasma ANP concentration. dard chow and water ad libitum, and maintained in a
Competitive PCR of rBSC1 humidity-and temperature-controlled room with a 12/12 hour light/dark cycle. On days 28 to 32 after the operaWe constructed a mimic cDNA as previously detion, groups of rats were deeply anesthetized by ether scribed [3] . Briefly, a point mutation for the formation and decapitated for immediate blood sampling. Then of EcoR I site was induced in the middle of a 352 partial both kidneys were perfused with 0.9% NaCl solution cDNA fragment for rBSC1 cDNA. This cDNA fragment through the abdominal aorta, and the right kidney was was generated by amplification of a part of the carboxy removed for total RNA extraction, while the left kidney terminal of BSC1, which had no homology to rat thiazidewas further perfused with phosphate buffered 4% parasensitive Na-Cl cotransporter present in the distal convoformaldehyde (PFA). The removed right kidney was cut luted tubules (DCT) [1] , but showed a 50% homology to into three parts (inner medulla, outer medulla, and corthe mouse bumetanide-sensitive Na-K-2Cl cotransporter tex), homogenized in 4 mol/L guanidine with 25 mmol/L [12] . After insertion of this cDNA fragment into pGEM-T sodium citrate and 0.7% mercaptoethanol, and used for Vector (Promega, Madison, WI, USA), two sets of prim-RNA extraction. The left kidney was sliced and imers were designed between Pst I site or Sph I site in the T-vector and middle of the rBSC1 fragment, changing mersed in 4% paraformaldehyde for in situ hybridization the nucleotide sequence at one point in the primers for at 37ЊC for 40 minutes, sections were reacted with diluted 1:1500 sheep polyclonal anti-DIG antiserum conjugated the rBSC1 fragment to induce the EcoR I site. After amplification by PCR using a plasmid as the template, with alkaline phosphatase (Boehringer Mannheim) for one hour at room temperature. Finally, the site of alkathese two cDNAs were ligated and subcloned into the Pst I-Sph I site of the T-vector. Then, a series of diluted line phosphatase was visualized by reaction with NBT/ BCIP (Digoxigenin-Nucleic Acid Detection Kit; Boehmimic cDNA was mixed with a constant amount of sample template cDNA (from 0.025 g RNA) and co-ampliringer Mannheim). Sections were mounted in glycerol and analyzed with a light microscope. fied using rBSC1 primers. PCR proceeded for 25 cycles and the products were co-incubated with EcoR I for Immunohistochemistry for rBSC1 three hours at 37ЊC. The sample and mimic cDNA were designed to produce 352 bp and 180 bp fragments, reParaformaldehyde-fixed paraffin embedded sections were cut into 4 m and then placed on silane-coated spectively. After agarose gel electrophoresis, the intensity of the band in each sample and mimic cDNA was glass slides. After deparaffinization and rehydration, the tissue sections were immersed into 0.3% H 2 O 2 in methameasured using a densitometer. The amount of rBSC1 mRNA in the sample was calculated from the equivanol for 15 minutes to inactivate endogenous peroxidase, then incubated with 1% bovine serum albumin (BSA) lence point (40 ϫ mimic for rBSC1 at equivalent point/1 g RNA).
in PBS for one hour to reduce nonspecific binding of the antibody. Tissue sections were further reacted for Although there are several subtypes of the rBSC1 based on the splicing analogues of the N-terminus segone hour with immune serum diluted 1:500 anti-BSC1 in 1% BSA in PBS. The antibody against BSC1 protein ment [13] , we quantified the mRNA for total rBSC1 transcripts by designing the competitor in the cytowas a kind gift from Dr. Steve Hebert (Division of Nephrology, University of Vanderbilt, Nashville, TN, USA). plasmic domain close to the C-terminus.
Sections were washed three times with PBS containing Preparation of riboprobes and in situ hybridization 0.075% Brij 35 solution (Sigma Diagnostics), then incufor rBSC1 bated for one hour with peroxidase labeled polymer conjugated to antimouse and antirabbit immunoglobulins Riboprobe construction and in situ hybridization for rBSC1 were performed as previously described [3] .
(Envision; DAKO), and washed with PBS. The sites of peroxidase were visualized with 3,3Ј-diaminobenzidine, Briefly, a 352 bp partial cDNA fragment of the rBSC1 purified by the Gel Extraction Kit (QIAEXII; Qiagen, H 2 O 2 , 0.1 mol/L phosphate buffer and analyzed with a photomicroscope. Hilden, Germany) were subcloned into the pGEM-T vector and sequenced. The nucleotide sequence was exCompetitive PCR for AQP2 amined by the dye-termination method using a generic analyzer (ABI PRISM 310; Perkin Elmer, Norwalk,
We constructed a mimic cDNA as previously described [14] . Briefly, a pair of PCR primers was designed CT, USA), and found to be 100% identical to that for the partial fragment of rBSC1. The plasmic was transto frame the major part of AQP2 cDNA (760 bp) that contained Sph I and Sac I restriction enzyme sites in the formed to host Escherichia coli (pGEM-T Vector Systems; Promega, Madison, WI, USA), increased in nummiddle of the product. By deleting 180 bp between these sites, the final PCR product was 580 bp, which was then ber by growth of the host E. coli, and isolated using standard techniques. Antisense digoxigenin (DIG)-UTP obtained and used to mimic cDNA for competitive PCR. A series of diluted mimic cDNA was mixed with the labeled RNA probes were synthesized after linearization with Pst I and using T7 RNA polymerase [DIG RNA same amount of sample template cDNA (from 0.05 g RNA) of each part of the kidney, and co-amplified using Labeling Kit (SP6/T7); Boehringer Mannheim, Mannheim, Germany]. Then, PFA fixed specimens of 6 m an AQP2 primer set. PCR was performed using 25 cycles. Following agarose gel electrophoresis, the intensity of sections were deparaffinized and rehydrated with serial ethanol solutions and phosphate buffered saline (PBS).
the bands in each sample and those of mimic cDNA were measured using a densitometer. The amount of After treatment with 1 g/mL proteinase K, the sections were post-fixed in 4% PFA in PBS. Hybridization was AQP2 mRNA in the sample was calculated from the equivalent point (20 ϫ amount of mimic cDNA at equivperformed using 50 ng of DIG-labeled cRNA, for each section, dissolved in hybridization buffer supplemented alent point/1 g RNA). with 10% dextran sulfate at 37ЊC for 16 hours in a humid Western blots chamber. The slides were washed sequentially in 5ϫ standard saline citrate (SSC) (1 ϫ SSC, 0.15 mol/L NaCl Protein was extracted from the renal outer medulla of the rats. Tissues were homogenized in 2 mL of PBS, and 0.015 mol/L sodium citrate) at 42ЊC, TNE buffer (0.4 mol/L NaCl/10 mmol/L Tris HCl/5 mmol/L EDTA) 1% triton, 1% deoxycholate, 0.1% SDS, and 0.1 mmol/L phenylmethylsulfonyl fluoride. After centrifugation at twice at 37ЊC. After treatment with RNase A (40 mg/mL) Briefly, ANP was extracted using octacasyl-silane packed in a cartridge (Sep-Pak C18 cartridge; Waters Associates, Milford, MA, USA) and assayed using specific antibodies to ANP (Mitsubishi Petrochemical, Tokyo, Japan). The recovery rate of added ANP was 68.1 Ϯ 9.7% (mean Ϯ SD, N ϭ 30). Inter-and intra-assay coefficients of variation for ANP RIAs were 14.2 and 9.5%, respectively.
Measurement of plasma renin activity and aldosterone concentration
Plasma renin activity (PRA) was determined as previously described [16] . Briefly, 0.25 mL of rat plasma was incubated with ethylenediaminetetraacetic acid (EDTA) and diisopropyl fluorophasphate (pH 5.5) at 37ЊC for six and 100 L of diluted antiserum. One milliliter of 0.2 mol/L Tris acetate buffer (pH 7.4) containing 0.1% lysozyme and 0.05% EDTA was added to the samples, and 30,000 ϫ g for 15 minutes, total protein concentration the mixture was incubated at 4ЊC for 24 hours. The sepawas determined by a Bio-Rad protein assay (Bio-Rad, ration of bound and free angiotensin I was performed Richmond, CA, USA) and the supernatant were reusing dextran-coated charcoal. PRA was expressed as solved by Laemmli SDS-polyacrylamide (8%) gel elecng of generated angiotensin I/mL plasma/hr incubation. trophoresis (SDS-PAGE; 150 g protein in each lane) Plasma aldosterone concentration (PAC) was measured and transferred in 25 mmol/L Tris-HCl, 192 mmol/L glyusing a commercial kit (Dainabot, Tokyo, Japan). The cine, 20% methanol to a polyvinylidene difluoride meminterassay coefficient of variation was 6.5% and the intrabrane. The membrane was blocked for one hour in 2.5% assay coefficient was 5.2%. milk powder/TBST (10 mmol/L Tris-HCl, pH 8.5, 150 mmol/L NaCl, 0.1% Tween 20). The membrane was
Other measurements and statistical analysis exposed to antibody diluted in 2.5% milk powder/TBST Plasma and urinary osmolalities were determined usovernight at 4ЊC and then to a second antibody (peroxiing an Advanced instrument osmometer (3D2; Needham dase linked antirabbit Ig) for one hour at room temperaHeights, MA, USA), and plasma Na by flame photometure. After washing in TBST, antigen-antibody complexes try (Hitachi flame photometer, 205D). Plasma creatinine were visualized with a chemiluminescence system (ECL concentration was measured by an autoanalyzer. DifferPlus, Amersham International, Little Chalfont, UK).
ences in laboratory data were examined for statistical Measurements of atrial natriuretic peptide significance using unpaired t-tests followed by Student's t-test. The results are expressed as mean Ϯ SD. A P Atrial natriuretic peptide (ANP) was measured by radioimmunoassays (RIA) as described previously [15] . value Ͻ0.05 was considered significant. Figure 2 shows the results of a competitive PCR analyEvaluation of cardiac failure sis of rBSC1 mRNA of the renal outer medulla. Ac- Figure 1 depicts heart sections from small (Fig. 1A) cording to the signal density shown in Figure 2A , the and moderate (Fig. 1B) myocardial infarctions. The equivalent point (mimic cDNA ϭ intrinsic rBSC1) was mean size of the myocardial infarcts was 22% of the determined in each sample (Fig. 2B) . The means of eight left ventricular circumference. Compared with the shamsuch determinations are depicted in Figure 2C , which operated controls, MI rats had almost the same body shows that the rBSC1 transcripts were significantly higher weight and total lung weight to body weight ratio, indiin the renal outer medulla of MI rats, and also in renal cating no accumulation of excess fluid or pulmonary concortex of rats with cardiac dysfunction. Since PRA was gestion. Laboratory data demonstrated that cardiac dysactivated in these rats with myocardial infarction, the function did not influence the baseline renal function, effect of ACE inhibition by captopril was examined as as indicated by serum urea, creatine, and electrolytes.
RESULTS

Competitive PCR for rBSC1
shown in Figure 3C . A competitive PCR of the renal Although PAC was unchanged, PRA was significantly outer medulla demonstrated that there was no significant enhanced in MI rats (Table 1) .
difference in the level of rBSC1 transcripts between capTo examine activity of the renin-angiotensin system topril treated and nontreated MI rats. and ANP level at an earlier time point of the myocardial Local expression of rBSC1 infarction, plasma renin activity and the ANP concentration were measured one day after coronary ligation, as Figure 3A shows the in situ hybridization, and Figure shown in Table 1 . Both parameters demonstrated a sig-3B the immunoperoxidase study using an anti-rBSC1 antibody. Representative sections are the inner stripe of nificant elevation. the outer medulla. Intensified signals for rBSC1 transcripts and intense apical staining of rBSC1 proteins were observed in the TAL of MI rats.
Western blots
To confirm the enhanced protein expression of rBSC1, immunoblots were performed using the homogenized tissues from the renal outer medulla. Figure 4 shows enhanced signal bands for rBSC1 in rats that underwent coronary artery ligation. Figure 5A , the equivalent 5C. The data demonstrated that AQP2 transcripts were point (mimic cDNA ϭ intrinsic rBSC1) was determined markedly increased in water-restricted (dehydrated) rats in each sample (Fig. 5B) . We analyzed the AQP2 messages in water-restricted rats (for 24 hours) and the averin all parts of the kidney, whereas no such increase was noted in infarcted rats compared to sham-operated conchannel expression in small to moderate myocardial infarctions may explain the absence of overt water retentrols.
tion in these rats. An important, yet unsolved question is the modulatory DISCUSSION mechanism of rBSC1 transcription in CHF. Activation Apical Na-K-2Cl cotransport in the thick ascending of several neurohumoral mechanisms in cardiac failure, limb of Henle (TAL) supplies a critical source of energy such as the sympathetic nervous system, renin-angiotento the countercurrent multiplier for urinary concentrasin system, vasopressin (AVP), prostaglandins, and atrial tion [4, 5, 17] . Following the identification of a cDNA natriuretic factor (ANP), have been postulated [24] . In encoding a rat Na-K-Cl cotransporter in TAL (rBSC1) our previous study on CHF, we observed unchanged by Gamba and coworkers [1] , we investigated the tranlevels of plasma AVP in CHF rats where normal plasma scriptional alterations of rBSC1 using a rat model of sodium and osmolality were observed [3] . The stability CHF [3] . Our results demonstrated an up-regulation of of AQP2 transcripts in the infarcted rats of the present rBSC1 mRNA, suggesting that it may enhance sodium study further suggests that factors other than AVP are and water reabsorption in CHF. The present study is an probably involved in the regulation of rBSC1 in cardiac extension to these early experiments, and provides an infarction. The present finding of approximately a twoadditional finding that this up-regulation of rBSC1 is fold increase in rBSC1 transcripts in rats with small to induced even in small to moderate cardiac infarcts withmoderate infarctions is quite similar to that of CHF rats out overt CHF.
of our previous study, indicating that cardiac injury may Renal function of rats with myocardial infarctions was influence rBSC1 transcription independent of the level elegantly examined by Hostetter et al [8] . They demonof impaired cardiac function. ANP released from injured strated that urinary sodium excretion in response to heart is another candidate for rBSC1 modulation. Alacute NaCl loading was significantly attenuated in these though the concentration of plasma ANP is more than rats. This impairment in renal sodium handling occurred doubled in rats with CHF [3] , no elevation of plasma in rats with mild myocardial infarctions. Subsequent ANP was observed in rats with small to moderate cardiac studies by Ichikawa et al suggested that the enhancement infarcts in the present study. Thus, it is unlikely that of reabsorption of sodium and water in the proximal ANP, which induces natriuresis, stimulates rBSC1 extubules of CHF rats was associated with vasoconstrictor pression to reduce urinary sodium excretion. properties of angiotensin II [18] . Although such enhanceOur results also showed that plasma renin activity ment in the proximal tubule reabsorption may be involved was significantly elevated in rats with small to moderate in the MI rats of the present study, where the elevated myocardial infarctions. Thus, angiotensin II might be plasma renin activity was observed, the rBSC1 up-regulaanother candidate stimulating sodium transporter syntion of these rats may further promote sodium absorption thesis in TAL in this condition. Recently, Volpe et al in TAL through an increased number of apical transportreported that inhibition of angiotensin II improves renal ers, resulting in insufficient urinary sodium excretion.
sodium excretion in patients with mild CHF, suggesting Following the identification of AQP2 [2] , the mechathat angiotensin II influences renal sodium excretion in nisms of water reabsorption through apical AQP2 in the heart disease [25] . Renin release, however, is influenced collecting duct (CD) have been well established [19] . A by luminal NaCl concentration at the macula densa [26], short-term exposure to AVP induces a redistribution of which might be reduced by enhanced sodium reabsorp-AQP2 to the apical membrane of CD, while long-term tion in TAL through an increased number of transporters stimulation by AVP may promote AQP2 synthesis in in MI rats. Then, to block the effects of the activated the CD [20, 21] . Such regulatory mechanisms for AQP2 renin-angiotensin II system in rats with myocardial inhave been found in CHF rats [6, 7] , indicating that infarction, we examined the rBSC1 transcripts in the renal creased water permeability in the CD may lead to excess outer medulla of myocardial infarct rats that had been extracellular fluid accumulation in CHF. Since Xu et al treated with captopril. The results demonstrated that demonstrated that CHF increased AQP2 transcripts in ACE inhibition by captopril did not influence the alterassociation with increased apical protein expression [7] , ation of rBSC1 mRNA expression induced by cardiac we examined this channel message, as well as rBSC1 infarction, suggesting that rBSC1 up-regulation associmRNA, using the same RNA samples of control and MI ated with cardiac injury may not be the consequence of rats with small to moderate cardiac infarcts. The results an activated renin-angiotensin II system. showed that the level of AQP2 mRNA expression reIn summary, the present study demonstrates the upmained unchanged in the MI rats used in the present regulation of rBSC1 in cardiac infarction. Increased sostudy, although marked increases in AQP2 transcripts dium transporter in TAL may explain, at least in part, were observed as previously reported in the kidney of the inappropriate sodium handling of the kidney in heart disease. dehydrated rats [22, 23] . This finding of stable water
